Two-, three-, four-, five-, and twelve-week old gerbils were subjected to various periods of bilateral carotid occlusion (BCO), Rectal and cranial temperatures were maintained at 37°C during BCO, and only rectal temperature was monitored for 30 min of reperfusion, Seven days after ischemia, animals were perfusion-fixed and the neuronal densities in the hippocampal CAl sub fields were counted. The extent of cerebral ischemia dur ing BCO was evaluated with e4Cliodoantipyrine autora diography. The rectal temperature spontaneously fell to 33-34°C during reperfusion in 2-week-old gerbils, al though animals over 3 weeks old presented postischemic hyperthermia. Two-week-old animals therefore were di vided into three experimental groups: In one group (2week-old group I) rectal temperature was not regulated during 30 min of reperfusion, while in the other two groups (2-week-old groups II and III) rectal temperature
was regulated at 37 and 38°C, respectively, during reper fusion. Five-minute BCO produced almost complete de struction of the CAl neurons in 12-week-old animals. In contrast, most CAl neurons survived 30 min of BCO in 2-week-old group I and 15 min of BCO in 2-week-old groups II and III. e4C1Iodoantipyrine autoradiography revealed that BCO produced severe forebrain ischemia in 2-week-old gerbils as well as in 12-week-old gerbils. These findings indicate that developing gerbils have a greater tolerance to cerebral ischemia and that such isch emic tolerance is not due to a collateral network between the vertebrobasilar and the carotid circulations previ ously reported to develop more abundantly in developing gerbils. Key Words: Autoradiography-Delayed neuronal death-Developing gerbil-Hippocampus-Ischemia Tolerance.
1969; Payan and Conard, 1977; Matsuyama et aI., 1983) . However, the mechanism of such ischemic tolerance in developing gerbils has not fully been understood, although Matsuyama et al. (1983) pos tulated that younger gerbils have more highly de veloped networks of collateral blood vessels be tween the vertebrobasilar and the carotid circula tions.
In this study, the consequences of transient bilat eral carotid occlusion among gerbils of various ages were compared to reassess whether or not younger gerbils are more tolerant of an ischemic insult. Fur thermore, local cerebral blood flow (LCBF) was measured during bilateral carotid occlusion to as sess the existence of significant collateral networks between the vertebrobasilar and the carotid circu lations in younger gerbils.
MATERIALS AND METHODS
Adult Mongolian gerbils (Meriones unguiculatus) were purchased from Seiwa Experimental Animals Ltd. (Fuku oka, Japan) and bred at our laboratory. Gerbils aged 2 [body weight (bw), 10-14 g], 3 (bw, 17-21 g), 4 (bw, 23-28 g), 5 (bw, 37-47 g), and 12 (bw, 65-75 g) weeks were subjected to bilateral carotid occlusion. The animals were anesthetized with 1-2% halothane, and a rectal thermistor was inserted to measure core temperature. A needle-type thermistor electrode was inserted under the parietal scalp to measure cranial temperature. Through an incision in the neck, both common carotid arteries were exposed and dissected free of surrounding tissues. Following discon tinuation of halothane, the arteries were occluded for var ious periods (5, 10, 15, or 30 min) with Sugita aneurysm clips (Mizuho Ika Kogyo Co. Ltd., Tokyo, Japan) under the microscope. During the ischemic interval, the neck incision was tentatively closed with a small skin clip. At the end of ischemia, the neck incision was reopened and the carotid clips were released. Reperfusion of both ca rotid arteries, which was confirmed by direct microscopic observation, occurred immediately following removal of the aneurysmal clips.
Rectal and cranial temperatures were maintained at 37°C during ischemia by means of a feedback-controlled heating lamp (Nihon Koden Co. Ltd., Tokyo, Japan), which was connected to a thermistor electrode under the parietal scalp and was positioned above the upper half of the animal's body including the head. The ranges of rectal and cranial temperatures during the ischemic interval were 36.8-37AoC. After reperfusion, the only rectal tem perature was monitored for 30 min, because it was diffi cult to keep a thermistor under the scalp when animals started moving. In preliminary experiments, the rectal temperature quickly rose above 37°C after ischemia in gerbils over 3 weeks old, but spontaneously fell to 33-34°C in 2-week-old animals. Two-week-old gerbils there fore were divided into three experimental groups. In one group (2-week-old group I), rectal temperature was not regulated during reperfusion. In the other two groups (2week-old group II and group III), the feedback-controlled heating lamp was connected to the rectal thermistor at the end of ischemia and rectal temperature was regulated at 37 and 38°C, respectively, during 30 min of reperfusion, to avoid the effect of postischemic hypothermia on the occurrence of neuronal injury. In 2-week-old group II and group III, those animals that failed to maintain the post ischemic rectal temperature at 37 and 38°C, respectively, were excluded.
One week after ischemia, animals were perfusion-fixed with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 704). Forebrains including dorsal hippocampi were em bedded in paraffin, cut into 5-lJ.-m-thick coronal sections, and stained with cresyl violet. Sham-operated animals of various ages were used as age-matched normal controls. The number of intact neurons was counted in the hippo campal CAL subfield, and the density of neurons per mil limeter of the pyramidal cell layer was calculated. The average value of both right and left hippocampi was used for each animal. Results are given as mean ± standard deviation. Statistical analyses compared with age matched normal controls were made by Dunnett's t test.
LCBF in developing gerbils was measured autoradio graphically by the method of Lyons et al. (1987) . Two week-old gerbils weighing 11-13 g were anesthetized with 1-2% halothane and rectal temperature was maintained at 37°C during the experiment. Each gerbil was subcutane ously injected with 5 IJ.-Ci of [14Cliodoantipyrine (lAP) (54 mCiJmmol; New England Nuclear, Boston, MA, U.S.A.) in 0.05 ml of physiological saline.
To measure blood and brain concentrations of lAP, animals (n = 52) were decapitated at various times (0.25, 0.5,0.75, 1, 1.5,2,2.5,3,4,5, 10,20 , and 30 min) after lAP injection, and blood was collected from the trunk. Although it is not possible to rule out some contamination of carotid and vertebral artery blood with venous blood, the blood collected from the trunk is primarily of arterial origin (Lyons et aI., 1987) . Ten microliters of blood was added to a scintillation vial containing 1.5 ml of Soluene-350. After overnight mixing in a mechanical shaker, the solution was combined with \0 ml of Aquasol-2. Samples were then placed in a Beckman LS-350 liquid scintillation counter. The brains were removed and sectioned just be low the inferior colliculus. The cerebral hemispheres were weighed and placed in scintillation vials with 1.5 ml of Soluene-350. After overnight mixing, a 1.5-ml aliquot was added to 10 ml of Aquasol-2 and isotopically counted. Our preliminary experiments indicated that blood and brain lAP concentrations plateaued at approx imately 5 and \0 min postinjection, respectively, and both lAP concentrations remained unchanged for up to 30 min postinjection. The ratio of the lAP concentrations in the brain at 20 min postinjection to the blood lAP concentra tion therefore was calculated as the brain:blood partition coefficient for lAP in developing gerbils.
To obtain autoradiograms from developing gerbils sub jected to ischemia, 2-week-old animals (n = 6) were sub cutaneously injected with 5 IJ.-Ci of lAP at 5 min of bilat eral carotid occlusion. Sham-operated animals served as controls (n = 5). At 2 min following lAP injection, ani mals were decapitated. Immediately, whole brains were removed and frozen in chilled liquid Freon at -60°e. Frozen brains were cut into 20-lJ.-m-thick coronal sections in a cryostat kept at -lYe. Brain sections were mounted on glass slides, dried on a hot plate at 60°C, attached to x-ray film (SB5, Eastman Kodak Co., Rochester, NY, U.S.A.) for 14 days, and subjected to quantitative auto radiography along with [14C]methylmethacrylate stan dards. Densitometric measurement of the cerebral struc tures, identified according to a published stereotaxic atlas of the gerbil brain (Loskota et aI., 1974) , was conducted with a Sakura PDS-I5 microphotometer (Konishiroku, Tokyo, Japan). LCBF values were calculated by the method of Sakurada et al. (1978) with some modifications, namely, using the blood lAP concentration curve and brain:blood partition coefficient (0.793 ± 0.006, mean ± SD) obtained from different experimental animals. LCBF values are given as mean ± SD, and statistical analyses between ischemic and sham-operated were conducted with the Mann-Whitney test.
RESULTS
Changes in rectal temperature during reperfusion are given in Table I . The rectal temperature of con trols was close to 37-37.SoC after sham operation in gerbils 3 weeks and older, but spontaneously fell to 34.0-34SC in 2-week-old animals.
The rectal temperature spontaneously rose above 37°C after bilateral carotid occlusion in gerbils over 3 weeks old. The older ages of gerbils or the longer periods of ischemia tended to result in a greater increase in rectal temperature during reperfusion. subjected to 5 and 10 min of ischemia, the average CAl neuronal densities were 8.5 ± 3.4/mm (p < 0.01) and 9.0 ± 6.5/mm (p < 0.01), respectively. e4C]IAP autoradiography revealed that 5 min of bilateral carotid occlusion produced severe fore brain ischemia in 2-week-old gerbils (Fig. 1) . LCBF in the brain structures above the superior colliculi diminished significantly during 5 min of bilateral ca rotid occlusion (Table 3) . LCBF in the inferior col- Group I and gerbils 3 weeks and older, rectal temperature was not regulated during reperfusion; groups II and III, rectal temperature was regulated at 37 and 38°C. respectively. during reperfusion. n.e., not examined. Twoand three·week-old animals were not subjected to 5 min of ischemia because most CAl neurons survived 10 min of ischemia in animals of these ages. In group 111. all animals subjected to 30 min of ischemia died. Thirty minutes of ischemia in 3-week-old animals and 15 and 30 min of ischemia in 4-. 5·, or 12·week-old animals were omitted, because 15 min of ischemia in 3·week-old animals and to min of ischemia in 4-, 5-. or 12-week-old animals were sufficient to produce massive neuronal death in the CAl Each group consists of five animals. except for the 30-min ischemia of group II. which consists of two animals since three of five died. The number of intact neurons oflhe CAl is expressed per millimeter of stratum pyramidale. and values are mean:!: SD.
Marked neuronal loss in
" p < 0.05 and hp < 0.0\, respectively; significantly different from age-matched control (Dunnett's r test).
liculus and pontine gray increased by 36 and 48%. respectively. during ischemia in comparison with that of the sham-o p erated control, but these in creases were n o t statistically significant.
DISCUSSION
The temperatures of the brain during ischemia has a strong effect on the extent of the resulting neuronal injury, and moderate hypothermia has been reported to have a protective effect on cere bral ischemia (Busto et al.. 1987; Minamisawa et aI., 1990; Welsh et al.. 1990) . When no control ef fort is made, brain temperature tends to fall gradu-
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FIG . 1. [HGJIAP autoradiograms of axial sections or the brain in 2-week-old gerbils. A: Sham-operated control. B: After 5 min of bilateral carotid occlusion, demonstrating a marked reduction of blood flow to the forebrain.
ally during cerebral ischemia. and this tendency must be more prominent in small animals. There fore. the failure to monitor or control brain temper ature, or allowing body temperature to change dur ing ischemia. might be expected to introduce unac ceptable variability into the outcome of ischemia, especially in developing animals. In this study, we maintained the intraischemic cranial and rectal tem perature of gerbils at 37°C to avoid the unacceptable variability in the resulting neuronal injury.
Five minutes of bilateral carotid occlusion was sufficient to produce massive neuronal death in the hippocampal CAl subfield of 12-week-old gerbils.
To obtain this same extent of injury. it was neces sary for the duration of ischemia to be prolonged to 15 min in 3-week-old animals. In 2-week-old ani mals, neither 10 nor 15 min of ischemia caused sig nificant neur o nal death in the CA I even though the (Levine and Sohn, 1969; Payan and Conard, 1977; Matsuyama et al., 1983; Mar tinez et al., 1984) .
In 2-week-old gerbils, rectal temperature sponta neously began to fall to 33-34°C as soon as a feed back-controlled heating lamp was turned off at the end of bilateral carotid occlusion. Spontaneously occurring postischemic hypothermia is a unique phenomenon in 2-week-old gerbils and may be the result of thermolysis because of the low body weight of animals of this age or a compromise of the thermoregulatory capability due to ischemic brain injury (Yager et al., 1993) . Such postischemic hy pothermia may cause the CA 1 neurons to survive ischemic insult, because the suppression of post ischemic hyperthermia has been reported to pre vent ischemic neuronal injury in the hippocampal CA 1 of adult gerbils (Kuroiwa et al., 1990) .
Although the suppression of postischemic hyper thermia was reported not to ameliorate histopatho logical brain damage following repeated ischemic insults (Kato et al., 1991) and Yager et al. (1993) indicated the lack of a protective effect of postisch emic hypothermia on the developing brain, we reg ulated the rectal temperature during reperfusion at 37 and 38°C, respectively, in 2-week-old group II and group III, to avoid the effect of postischemic hypothermia on the occurrence of neuronal death in hippocampal CAl subfield. Matsuyama et ai. (1983) postulated that younger gerbils have more highly developed networks of collateral blood vessels between the vertebrobasilar and the carotid circulations and concluded, on the basis of this hypothesis, that developing gerbils are more resistant to carotid occlusion. They injected carbon black into the left ventricle of gerbils and examined its brain stainability to determine the ce rebral perfusion areas during carotid occlusion.
This carbon black injection method, however, is known sometimes to produce conflicting results in determination of the impaired vascular perfusion re gions of the brain (Levine and Sohn, 1969; Kahn, 1972; Harrison et aI., 1973; Berry et aI., 1975; Levy and Brieley, 1974) . The distribution of carbon black injected from the left ventricle or aorta may not reflect the CBF distribution because of unavoidable problems associated with this method (Levy et aI., 1975 is considered more reflective of the distribution of CBF and more suitable for examination of cerebral perfusion areas during carotid occlusion than the carbon black injection method.
We autoradiographically measured LCBF in 2-week-old gerbils subjected to bilateral carotid oc clusion and tried to answer the question whether or not the collateral networks between the verte brobasilar and the carotid circulations develop abundantly in developing gerbils. We observed that bilateral carotid occlusion produces the same se vere forebrain ischemia in 2-week-old animals as that reported in adults (Osburne and Halsey, 1975; Crockard et aI., 1980; Iannotti and Hoff, 1983; Su zuki et aI., 1983; Nadasy et aI., 1990) . Our results confirm the lack of communication between the vertebrobasilar and the carotid circulations in de veloping gerbils and indicate that a vasculoanatom ical factor is unlikely to be involved in the ischemic tolera�ce of developing gerbils.
The possibility that other mechanisms cause de veloping gerbils to be more resistant to bilateral ca rotid occlusion should be considered. It was re ported that immature brains possess a greater tissue resistance to ischemia or hypoxia because of the lower metabolic demands or rate of those brains (Fazekas et aI., 1941; Thurston and McDougal, 1969; Duffy et ai., 1975; Berlet, 1976; Nehlig et ai., 1988) . However, the question remains whether the difference in the cerebral metabolic rate between young and adult animals is quantitatively great enough to account for the difference in the resis tance to cerebral ischemia (Thurston and McDou gal, 1969) . Therefore, the metabolic rate may be an important determinant of the ischemic tolerance, but other factors may also contribute.
Glutamate-induced neuronal toxicity has at tracted attention as a mechanism of ischemic neu ronal injury since it was reported that cerebral isch emia induced an increase in extracellular glutamate in brains (Benveniste et ai., 1984; Rothman and Ol ney, 1986; Choi, 1988) . The possibility has been in dicated that in immature brains the increase in ex tracellular glutamate induced by ischemia is, for some reason, suppressed and subsequent neuronal death does not occur (Cherici et ai., 1991) . For an understanding of the mechanisms of ischemic toler ance, it will be important to find and interpret such a specificity of developing animals in biological or neurochemical responses to ischemic insult. Acknowledgment: This study was supported in part by a Grant-in-Aid for Co-operative Research (A) (No. 05304058) from the Ministry of Education, Science and Culture of Japan. The authors wish to thank Mrs. E. Isogaya and Mrs. 1. Ogino for their technical assistance and Mr. S. Ohtsuki for statistical analyses.
